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The Sccbcck cocfRcicnts of the non-aqueous electrolytes tetrabutylainmonium nitrate, tetraoctylphosphonium 
bromide and tetradodecylammonium nitrate in 1-octanol, 1-dodecanol and ethylene-glycol are measured in a 
temperature range from r=30 to T = 45° C. The Seebeck coefficient is generally of the order of a few hundreds 
of microvolts per Kelvin for aqueous solution of inorganic ions. Here we report huge values of 7 mV/K at 
O.IM concentration for tetrabutylammonium nitrate in 1-dodecanol. These striking results open the question 
of unexpectedly large kosmotrope or "structure making effects" of tetraalkylammonium ions on the structure 
of alcohols. 
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I. INTRODUCTION 

The application of a temperature difference AT across 
a solid conductor causes mobile charge carriers to diffuse 
from hot to cold regions, giving rise to a thermoelectric 
voltage AV ~ — 5eAT. The prefactor Se is called the 
thermopower or Seebeck coefficient since the discovery of 
this phenomenon by Seebeck in 1821. This property en- 
ables the conversion of heat to electricity. In ordinary 
metals like copper, Se is of the order of 10 //V/K. In 
the mid 20*'' century much higher Seebeck coefficients 
of a few hundreds of /iV/K were obtained in low- gap 
semi-conductors, and those materials are still the ob- 
ject of intense research activities, with the perspective of 
converting low-grade wasted heat into electric energyJ^ 
Semiconductors have reached their limit from a mate- 
rial perspective.— Research is now focusscd on improving 
their performance by nanostructuring existing materials, 
and this represents a substantial production costi^ 

Thermoelectric effects also occur in liquid electrolytes, 
as first observed towards the end of the IQ*'' century. 
Electrolytes are characterised by the presence of several 
ion species. A temperature gradient induces gradients 
in the concentrations of different ionic species. This is 
known as the Soret effect;^ which couples to a Seebeck 
effect in conducting fluids. The possibility of converting 
heat into electricity has also been studied in thermogal- 
vanic cells using two identical electrodes at different tem- 
peratures, where chemical reactions take place4i"— Ther- 
mogalvanic cells use electrolytes having large Seebeck co- 
efficients (of the order of 1 mV/K in aqueous potassium 
ferrocyanide / ferricyanide solutions) 

However the efficiency of the thermal to electrical en- 
ergy conversion is not governed solely by a material's 
Seebeck coefficient. Rather it is measured by a dimen- 
sionless number, the "figure of merit" ZT = TSl{a/n), 
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where T is the temperature, and (c/k) represents the 
ratio of the electrical to the thermal conductivity. Al- 
though thermogalvanic cells have a high Seebeck coeffi- 
cient their relatively low electrical conductivity reduces 
their figure of merit by two orders of magnitude with re- 
spect to that of solid-state thermoelectric devices using 
low-gap semiconductors 

Concerning thermocells, the investigations have been 
mainly restricted to aqueous solutions of inorganic ions. 
Extending this field of research to organic electrochem- 
istry, using organic macroions in non-aqueous solutions, 
ionic liquids etc offers a quasi-infinite number of 
combinations. We show that solutions of tetraalkylam- 
monium ions in organic solvents (octanol, dodecanol, 
ethylene-glycol, ...) reach unprecedented large Seebeck 
coefficients of the order of 10 mV/K. This result opens 
the perspective of engineering electrolytes with huge See- 
beck coefficients. 

The Seebeck coefficient is closely related to the struc- 
tural entropy induced by the interactions between ions 
and solvent. This has been thoroughly studied in wa- 
ter solutions^ and in a lesser extend in non-aqueous 
solvents)^ There is a pure electrostatic contribution to 
this entropy coming from the interaction of the ion charge 
with the electric dipoles of the solvent considered as a ho- 
mogeneous dielectric medium. This contribution is gen- 
erally evaluated through the simple Born model There 
are also more subtle effects coming from the modification 
of hydrogen bonds in the vicinity (first, second solvation 
shells and beyond...) of the ions which can increase (kos- 
motrope effect) or destroy (chaotrope effect) the local 
order of the surrounding solvent molecules. The ions are 
named structure makers in the first case and structure 
breakers in the second. We show that the pure elec- 
trostatic contribution to the transported entropy (Born 
model) is small and conjecture that the observed Seebeck 
coefScient arises mainly from kosmotrope effects created 
by tetraalkylammonium ions on the local structure of al- 
cohols. This is a challenging open question, which needs 
further theoretical and experimental studies. 
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A summary of the theoretical background on the Soret 
and Seebeck effects in electrolytes is reviewed in Section 
II. The experimental set-up is described in section III and 
the results are discussed in section IV. 



II. THEORETICAL BACKGROUND 

A. Particle and heat Flux 

We consider an electrolyte containing v types of 
charged particles with number densities Ui and electro- 
chemical potentials jli. Slightly out of equilibrium, the 
particle currents Jjvi and the total heat flow Jq obey the 
linear equations: 



(1) 

(2) 



where La are Onsager coefficients, is the heat trans- 
ported by particles of type i and n is the thermal conduc- 
tivity of the electrolyte. We closely follow the notations 

of Agar— and we have = TSi , where Si is named the 
transported entropy. 

In the presence of an electrostatic potential V{r), the 
electro-chemical potential is: 

ji^^ ^ii[ni{r),T{r)]+ qiV{r) (3) 

where qi is the charge of the particles. We thus have: 



dui 



dT 



VT + q,VV (4) 



From Maxwell relations: 

dis/n) 



dT 



where S and f2 represent the entropy and volume of the 
system and Si is the partial molar entropy. At low con- 
centration, assuming a non-interacting gas of particles, 
we have: 



and Eq. (1) reads: 

Jn, = -D, 



dm 



knT 



knT 



knT 



(5) 



where = La/ui represents the diffusion coefficient, 
E = — Vy is the local electric field and: 

Si = Si — Si 
is the "Eastman entropy of transfer" 



B. The steady state 

When a temperature gradient is applied to a closed sys- 
tem, after some transient time, a steady state is reached 
when the conduction current (last term in Eq. (5)) ex- 
actly balances the two other terms coming from diffusion. 
In that case the current J^i of each particle species van- 
ish: Jjvi = 0, and we can write: 



which, taking into account Eq. (5), becomes: 



knT 



E 



knT 



E^O 



(6) 



Far from the boundaries we have charge neutrality and 
the first term in the previous equation vanishes. We de- 
duce the local electric field at steady state: 



E = -VV = 5',.vr 



with 



5e = 



2 



(7) 



corresponding to the Seebeck coefficient. 

Substituting this steady electrical field into Equation 
(5), we have with J^vi = 0: 



Vui 



a,yT 



with 



Oil 



ksT 



S, 



Sill QiniSi 



(8) 



defining Soret coefficients. For simple monovalent elec- 
trolytes A^B~ , we simply have: 



and 



Sa+ — Sb- 
2e 



Sa+ + Si 
2kBT 



(9) 



(10) 



(The notation used in this paragraph closely follows that 
of Wiirger) .— 



C. Entropy of transfer 

The transported entropy Si and the Eastman entropy 
of transfer Si of most simple ions in aqueous solutions 
have been obtained through the measurement of: 
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• The Soret coefficient, using e.g conductimetric 
methods 



• The "initial electromotive force' 



V 11 



i.e. the differ- 



ence of potential immediately after the tempera- 
ture gradient is established -well before the Soret 
steady-state has been reached-, in thermocell us- 
ing reversible electrodes (Ag/AgCl, Hydrogen elec- 
trodes etc. 
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For example, from Table I in Ref. |l6| and Eq. (9), we 
expect, in the infinite dilution limit: S^, = 51/iV/K for 
NaCl, Se = 221/iV/K for HCl, and = SZl^V/K for 
TetraButylAmmonium Nitrate in water at BOOK. 

In the infinite dilution limit, some contribution to the 
entropy of transfer S simply arises from the polariza- 
tion of the surrounding dielectric medium due to the 
ion charge. Using hydrodynamic theory and the Born 
modeli^, Agar-iiii^ has estimated this contribution to: 



5, 



Born 



[eZf 1 91ne 
167reoe^ dT 



(11) 



Z is the charge number, i? represents the ionic radius 
of the ion, and e is the relative dielectric constant of 
the solvent. The entropy of transfer of a few simple 
ions (Na+, F~ ...) agrees with this relation. For other 
ions there are also substantial contributions coming from 
ion-solvent interactions in the first and second solvation 
shells of the ion. Agar— proposes a simple classifica- 
tion depending on the overal sign of these additional con- 
tributions. According to the terminology introduced by 
Gurneyii, an ion is called "structure maker" if this con- 
tribution to the Eastman entropy of transfer is positive 
and "structure breaker" in the opposite case. From Ta- 
ble I in Ref [l6l while I~, CIO4 ions are "structure 
breakers", most multivalent cations are "structure mak- 
ers". A large "structure making" effect is observed with 
tetraalkylammonium ions ;^^'^^ where the measured East- 
man entropy of transfer is 10 times higher than the pure 
electrostatic contribution expected from Eq. (fTTj) . There 
is an extensive literature on structure making (or kos- 
motrope) and structure breaking (or chaotrope) effects in 
aqueous solutions^ with different classification criteria. 
Another relevant criterium is the change in the hydro- 
gen bonding structure of water molecules induced by the 
presence of an ion. The ion is classified as structure maker 
if it increases the local order, due to hydrogen bonds, and 
structure breaker in the opposite case. Table 8 in Ref. [sl 
shows that according to this criterium tetrabutylammo- 
nium ions appears also among the ions exhibiting the 
strongest structure making effects. Unfortunately the lit- 
erature concerning ions in organic solvent is scarce. How- 
ever we should expect similar structure making effects in 
alcohol, which due to the presence of -OH groups also 
exhibit local order due to hydrogen bonds. 



III. EXPERIMENTAL 



A. Methodology 



The measurement principle is simple. A constant tem- 
perature gradient is established along the vertical axis 
of a cell containing an electrolyte. The "open circuit" 
potential difference AV, between two points in the liq- 
uid, is measured along that temperature gradient, us- 
ing noble metal (platinum) electrodes connected to an 
electrometer. We wait a sufficiently long time (generally 
more than two hours) such that the steady state (see Sec- 
tion H B) is fully established. At steady state, we have: 
AV = —SeATEiect, where ATEiect is the difference of 
temperature between the two electrodes. 



B. Sample cell for thermoelectric potential measurement 

The schematic experimental setup is shown in Fig. 1. 
The fluid sample is contained in a hollow cylinder 15 mm 
high and 10 mm diameter machined out from a Teflon-^^^ 
DuPont parallelepiped. The two apertures of the cylin- 
der are closed by two horizontal 5 mm thick sapphire 
windows. In this way, the sample that fills the cell is 
electrically isolated from the environment. The cell is 
positioned vertically and heated from the top by means 
of a thin film resistance glued onto the upper window. 
Thanks to the large thermal conductivity of sapphire a 
uniform heating of the sample cross-section is established 
and a stable temperature gradient settles in. The upper 
window temperature is controlled within 5 mK stabil- 
ity by a temperature controller (Lakeshore A340). The 
lower window is maintained at a constant temperature 
by means of a copper pad thermally regulated by a cir- 
culating water bath. In our experiment, the temperature 
of the lower window is kept at Tcoid = (24 ± 0.01)°C and 
the temperature That of the upper window is varied be- 
tween 28°C and 75°C. This gives rise to a maximum tem- 
perature gradient sa34 K.cm^^ along the sample length. 
The temperature difference ATEiect between the elec- 
trodes was measured by type K thermocouples. Figure 2 
shows that a linear variation holds between ATEiect and 
AT = Thot — Tcoid- This shows that the heat transfer 
along the cell axis is purely conductive and no convcc- 
tive flow settles in the fluid. The open-circuit potential 
is measured by two home-made electrodes made from a 
platinum wire (0 =0.33 mm) inserted into a glass tube 
and flame-sealed at the two ends. The tips of the elec- 
trodes arc flush ground and mirror polished with a 3 fim 
diamond paste (see inset in Fig. 1). The two electrodes 
arc located 6 mm apart with their tips positionned along 
the vertical cell axis. Before each run, the electrodes are 
cleaned for a few hours in a concentrated solution of 33 
wt% HCl and rinsed with distilled water. The cell and the 
electrodes are shielded from electromagnetic radiation by 
a metal box. The open-circuit potential difference AV 
between the two electrodes is read by a Kcithley-6514 
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Temperature 
Controller 
LakeShore 



Electrometer 
K6514 



Platinum Electrodes 



FIG. 1. Experimental setup used for the measurement of 
the thermoelectric effect in electrolytes. The cell is made of 
Teflon. The liquid sample fills a vertical cylinder of 10 mm 
internal diameter and 15 mm height. The distance between 
the two platinum electrodes is 6 mm. The top of the cell is 
heated by a thin-film resistance glued on a sapphire window. 
The lower sapphire window is kept at a constant temperature 
by a circulating water bath. The inset at the bottom left 
shows the picture of a home-made platinum electrode. 

electrometer with a large input impedance k,2x 10^^ VL. 

C. Measurement of the thermoelectric potential. 

All chemicals were purchased from Aldrich and 
were used without further purification. tctrabutyl- 
ammonium nitrate (TBAN), tetradodecylammonium 
nitrate (TDAN) and tetraoctylphosphonium bromide 
(TOPB) are of purities of 97%, 99%, and 97%, respec- 
tively and used as received. The purity of 1-octanol and 
1-dodecanol is stated to be > 99.5%. Ultrapure water 
(resistivity: 18.2 Mfi.cm) was obtained from Millipore. 
Mixtures of TBAN in water, 1-octanol, 1-dodccanol and 
ethylene-glycol, TDAN in 1-octanol and 1-dodccanol, 
and TOPB in 1-octanol were prepared by weighing. 

The temperature of the heating window is first in- 
creased stepwise up to « 60° C by two or four degrees 
and then decreased back to the initial temperature to 
check reversibility. Typically, a stable temperature gra- 
dient is established within half an hour. Measurement of 
the open-circuit potential difference /S.V is made in a time 
interval lasting between one and a few hours. The values 




FIG. 2. Temperature difference I^Teuci between the two elec- 
trodes as a function of the temperature difference AT between 
the top and the bottom of the cell. The cell is filled with 1- 
dodecanol. The linear relation shows that heat transfer is 
purely conductive. 



of the Seebeck coefficient are obtained from the plateau 
reached in the potential difference. The Seebeck coeffi- 
cient is computed from the relation: Se = — ^V/ /!^T Elect, 
with ATEiect deduced from Fig. 2 for each AT step. 



D. Electrical conductivity measurements 

The temperature dependent electrical conductivity a 
is measured in a cell with blackened platinum electrodes, 
and a ceU constant 0.80 cm"! (Philips PW 9512/01). 
The in- and out-of-phase components of the impedance 
were measured with an AC LCR auto balancing bridge 
(HP 4284A) in a low frequency range, typically between 
100 Hz and 200 kHzi^ The reported conductivity val- 
ues are for a null out-of-phase component, corresponding 
therefore to a purely resistive signal. 



IV. RESULTS AND DICUSSION. 
A. Typical measurements 

Figure 3-a shows the potential difference AV from the 
sample TDAN in 1-octanol when the temperature That of 
the heating window is changed by 4°C steps from 38°C 
to 58° C. It can be noticed that a positive temperature 
change corresponds to a negative AV between the elec- 
trodes. Conversely, negative (-4°C) temperature steps 
give positive AV as it is shown in Fig. 3-b. A simi- 
lar behavior was observed with the other studied elec- 
trolytes. In Fig. 4, the Seebeck coefficient for TDAN 
in 1-octanol and 1-dodecanol is shown as a function of 
the temperature at half electrode distance. It can be ob- 
served that the temperature does not modify appreciably 
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FIG. 3. Tetradodecylammonium nitrate (O.IM) in 1-octanol: 
Open-circuit potential difTerence AV between the two plat- 
inum electrodes when the temperature That of the upper win- 
dow is changed by steps of : (a) 4°C ; (b) -4°C. The origin for 
potentials has been arbitrarily shifted for convenience. The 
temperature of the lower window is set to Tcoid = 24 °C. 



the Secbeck coefficient within the studied temperature 
range. 



B. Variations of the Seebeck coefFicient with salt 
concentration 

The potential difference AV between the electrodes 
is measured with a Keithley-6514 electrometer having 
a large input impedance w 2 x 10^* fl. Therefore, the 
current flowing during the measurement of the thermo- 
electric voltage AV « 10 mV is only of the order of a 
few hundreds of electrons per second. These electrons 
are provided through reactions at the electrodes. Among 
the chemical reaction which can occur at low potentials 
with platinum electrodes, we might have: 

• Oxidation of alcohol through carbon adsorption on 
platinum: 

Pt + RCH2OH ^ Pt-CHOHR + H++ c- 

or through oxygen adsorption on platinum 
Pt + RCH2OH -> Pt-OCHaR + e- 



• Reduction of nitrate oxide 



,20 



10 

8 

1^ 6 
> 

S 4 



- 
□ 


1 1 

TDAN + octanol, T up 
TDAN + octanol, T down 




1 

(a) 




- 




B 








- 


















1 




1 







30 



35 40 

T(°C) 



45 



10 



6 

> 

S 4 



O TDAN + dodecanol, T up (b) 
□ TDAN + dodecanol, T down 



-8- 



□ 

_Q_ 



O 



30 



35 40 

T(°C) 



45 



2H^ 



2e- 



H2O 



FIG. 4. Seebeck coefficient Ss as a function of temperature at 
half electrode distance, (a) Tetradodecylammonium nitrate -|- 
1-octanol, (b) Tetradodecylammonium nitrate -I- 1-dodecanol. 
Circle: increasing temperature; Square: decreasing tempera- 
ture. 



Reversible adsorption of tetraalkylammonium ions has 
also been previously observed at hanging mercury drop 
electrodes?^ gold electrodes^ and CO-coated platinum 
electrodesi^ The image charge induced in platinum by 
a positive tetraalkylammonium ion sticking to the sur- 
face could also participate to electron transport in the 
external circuit. 

Unknown additional thermo-voltages can arise from 
the entropies transported through these reactions. The 
following experimental results, showing a linear varia- 
tion of the Seebeck coefficient Se with the square root 
of the tetraalkylammonium-ion concentration, are indi- 
cating that those parasitic thermo-voltages are negligible 
with respect to the thermoelectric voltage AV induced by 
the electric field due to the density gradient of tetraalky- 
lammonium ion in the cell. For TDAN in octanol and 
TBAN in dodecanol, the Seebeck coefficient has been 
measured in a restricted range of concentrations c from 
O.OOIM to 0.65M, due to solubility limitations. Our re- 
sults are gathered in Table I and plotted as a function of 
^/c in Fig. 5. A linear decrease of the Seebeck coefficient 
with is observed for TDAN in octanol. This is in 
agreement with a Debye-Hiickel treatment of the electro- 
static interactions between ions, which predicts a linear 
variation of the Eastman entropy of transport with the 
square root of the ionic strengthi^ 
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Using Eq. (9), we expect for tetraalkylammonium ni- 
trate solutions: 



TA+ 



s 



no:: 



2e 



(12) 



where Sj'a+ is the Eastman entropy of transfer of the 
tetraalkylammonium ion and S^q- that of the nitrate 
ion. Neglecting the Eastman entropy of transfer of 

tetrabutylammoniumi^) , Eq. (12) reads 



3 ions (in water it is 30 times smaller than that of 



:>TA+ 



/2e. 



(13) 



At finite ion-concentation c, the Eastman entropy of 
transfer varies as: 



(14) 



where Sq is the limit value at infinite dilution. Sq in- 
cludes the contribution coming from the polarization of 
the surrounding medium given by Eq. (11) within the 
Born model, plus short-range interactions with the sol- 
vent in the second solvation shell of the ion. Within 
Debye-Hiickel theory, the concentration dependent part 
S'{c) can be expressed asi^ 



47reoeT 



1 3 d\ne 
12 ^ idlnT 



1 d\np 
idhiT 



(15) 



Af is Avogadro number, p is the density of solvent and 



is the inverse Debye length (n; — lOOOA/'c is the ion den- 
sity per rn?). 

Using for e and its temperature dependence the values 
from the literature reported in table II, we find from Eqs. 
(13-15): 

Se = 5'e(0) - 5.0VS (mV/K) (16) 
for TDAN in octanol at 39°C, and 

Se = SM~7.2Vc (mV/K) (17) 

for TBAN in dodecanol at 33°C 

Fitting Eqs. (16) and (17) to our results gives S'e(O) = 
6.1mV/K for TDAN in octanol and S<,{Q) = 8.8mV/K for 
TBAN in dodecanol. The nice agreement of the calcu- 
lated slopes with the data (see Fig. 5) proves that we are 
measuring essentially the entropy of transfer of tetraalky- 
lammonium ions and that parasitic thermo-voltage con- 
tribution due to chemical reactions at the electrodes are 
smaller than our error bars. 

The figure of merit ZT is also plotted in Fig. 5. Since 
the Seebeck coefficient Se decreases while the ionic con- 
ductivity a increases when the concentration c is raised, 
there should be an optimal c corresponding to a maxi- 
mum ZT , expected to occur at c ~ lAI . 
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FIG. 5. Seebeck coefficient Se as a function of the square 
root of ion concentration c(niol/l) for TDAN in octanol (red 
circles) and TBAN in dodecanol (orange up-triangles). The 
straight hnes are least square fit of the data with the slope set 
to the theoretical value (see text). The figure of merit ZT is 
also ploted for: TDAN in octanol (black squares) and TBAN 
in dodecanol (blue triangle-down) . The black dashed curve is 
a guide to the eyes. 



C. Results at salt concentration c = O.IM 

We have chosen here to compare the Seebeck coefficient 
of 7 different electrolytes at the same concentration c — 
QAM , which is below the solubility limit of all the salts 
studied here. 

Table II gives the averaged value of the Seebeck coef- 
ficient Se measured in the [30°C - 45°C] range for both 
positive and negative temperature variation. The See- 
beck coefficient varies from w2.8 mV.K~^ to ~7 mV.K~^ 
among different electrolytes, the latter value being ob- 
tained with TBAN in 1-dodecanol. The averaged dielec- 
tric constant e, the temperature derivative of its inverse 
(— l/e^)de/dT for pure 1-octanol and 1-dodecanol, and 
the ionic radius R of tetraalkylammonium cations are 
also reported in Table II. To compare to the contribution 
of the pure bulk dielectric effect, calculated according to 
Born approximation [Eq. (11)], we have plotted in Fig. 6 
all our results at O.IM as a function of {l/Re^){—de/dT). 
The Born model, Eq. (11), which only takes into account 
the interaction of the charge carried by an ion with the 
surrounding dielectric medium (assumed uniform) would 
lead to: 



S' 



TA+ 

2e 



de 



32'!Teoe^RdT' 



(18) 
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TABLE I. Seebeck coefficient Se, electric conductivity a, thermal conductivity k of the solvent, and figure of merit ZT as a 
function of salt concentration c for TDAN in octanol and TBAN in docecanol. Tmean is the mean value of the temperature 
range where 5* has been measured. 



Sample 


c 


T 

mean 




a 




ZT X 10"* 




(moIe/1) 


(°C) 


(mV/K) 


(mS cm-i) 


(W m-1 K-i) 




TDAN+octanol 


10"^ 


37 


6.15±0.4 


0.10 10-2 


0.156^ 


0.076 


TDAN+octanol 


10-2 


36 


5.43±0.7 


0.42 10-2 


0.156~ 


0.24 


TDAN+octanol 


10-1 


39 


4.44±0.4 


2.42 10-2 


0.155" 


0.96 


TBAN+dodecanol 


10-1 


33 


7.16±0.8 


1.17 10^2 


0.169" 


1.1 


TBAN+dodecanol 


0.65 


37 


2.34±0.1 


14.60 10"2 


0.169" 


1.5 



from Ref. [H 



TABLE II. Seebeck coefficient Se, electric conductivity cr, thermal conductivity k of the solvent, and figure of merit ZT for 
various electrolytes at salt concentration c = O.IM. Tmean is the mean value of the temperature range where Se has been 
measured. The dielectric constant e of the solvents with the temperature derivative of its inverse, and the ionic radii R of the 
tetraalkylammonium cations are also reported. 



Sample 


Tfnean 


Se 


cr 




K 


ZT X 10^ 


e 


1 ae 1 
7^ aT\T„ 




R 


(c=0.1M) 


(C) 


(mV/K) 


(mS cm" 




(W m-1 cm-1) 






(K-i) 




(nm) 


TBAN+dodecanol 


33 


7.16+0.8 


1.17 10" 


1 


0.169^ 


0.11 


5.72^ 


11.69 10 


-4 


0.496^ 


TBAN+octanol 


35 


2.80+0.3 


4.73 10" 


'2 


0.156" 


0.073 


8.89~ 


9.68 10" 


4 


0.496~ 


TBAN+Ethylene-Glycol 


37 


3.40+0.2 


60.0 10" 


-2 


0.256" 


0.84 


35.5^ 


1.38 10" 


4 


0.496^= 


TBAN+water 


33 


1.03+0.1 


7.0 




0.619" 


0.37 


75.2F 


0.61 10" 


4 


0.496^= 


TDAN+dodecanol 


37 


4.44+0.8 


0.66 10" 


-2 


0.169" 


0.024 


5.56~ 


12.41 10 


-4 


0.694^= 


TDAN+octanol 


39 


4.44+0.4 


2.42 10" 


-2 


0.155" 


0.096 


8.61*" 


9.98 10" 


4 


0.694^= 


TOPB+octanol 


39 


2.84+0.5 


3.02 10" 


-2 


0.155" 


0.049 


8.61'' 


9.98 10" 


4 


0.613^= 



" from Ref. 
from Ref. 
from Ref. 
from Ref. 
from Ref. 



This gives a slope aBom = 180 mV.nm (straight line in 
Fig. 6). 

For all data, the pure electrostatic contribution rep- 
resents only one tenth of the measured Seebeck coeffi- 
cient. We infer that the main contribution to the See- 
beck coefficient (i.e. to the Eastman entropy of transfer) 
originates mainly from kosmotrope or structure making 
effects. Kosmotrope and chaotrope effects have been ex- 
tensively studied in aqueous solution. - Much less theo- 
retical and experimental work has been accomplished in 
non-aqueous electrolyte, in particular in alcohols in which 
hydrogen bonding is also important.— We hope that the 
large kosmotrope effect that we point out for tetraalky- 
lammonium ions in alcohols will encourage further theo- 
retical and experimental investigations. 

Comparing the results obtained with tetrabuthylam- 
monium in four solvents (red circles in Fig. 6), we ob- 
serve an increase of the Seebeck coefficient which roughly 
scales with the temperature derivative of the inverse di- 
electric constant: —{l/e^)de/dt. There is for instance an 
increase by a factor 20 of this quantity from water to do- 
decanol (see Table II) and the Seebeck coefficient is one 
order of magnitude higher in dodecanol, compared to wa- 
ter solvent. This is not surprising since the kosmotrope 



effects (dipolar forces, hydrogen bonding) which charac- 
terize the second solvation shell are mainly govern by 
effective electrostatic forces. 

In the same solvent, dodecanol, the two results for 
TBAN and TDAN ( red and blue circles in Fig. 6) appear 
to be roughly proportional to (1/i?) . However concerning 
TBAB, TDAN and TOPB in octanol (red, blue, magenta 
squares) the dependence on R is less conclusive. 



V. CONCLUSION AND PERSPECTIVES 

We have obtained remarkably high values of the See- 
beck coefficient, up to Se — 1 mV/K, for tetrabutylam- 
monium nitrate in dodecanol. However the highest figure 
of merit reached in this study is of the order of 10^^, i.e. 
10 times lower than those obtained in aqueous potas- 
sium ferrocyanide/ferricyanide solutions.^ It should be 
emphasized that a thorough optimization of the concen- 
tration c to obtain the largest figure of merit has not been 
conducted. We are now working at further optimiza- 
tions which could provide efficiencies comparable to the 
aqueous ferrocyanide/ferricyanide solutions. The electri- 
cal conductivity a increases and the Seebeck coefficient 
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FIG. 6. Seebeck coefficient of different tetraalkylammo- 
nium salts, at c=0.fM, in various solvents, as a function of 
{l/Re^){—de/dT). We have also compared the Seebeck coef- 
ficient that we measured for TBAN in water (up-triangle) to 
that, (at infinite dilution) calculated from Table I in Ref. [T^ . 
using Eq. (9) (star). The results agree within the average 
error bars. The color code is red for TBAN, blue for TDAN 
and orange for TOPB. Different symbols are attributed to 
each solvent: circles for dodecanol, squares for octanol and 
diamond for ethylene glycol. The straight line represents the 
pure electrostatic contribution arising from the polarisation 
of the dielectric medium (assumed as uniform) by the ion 
charge. It is one order of magnitude lower. This suggests a 
strong kosmotrope effect of tetraalkylammonium ions in alco- 
hols. 



Se decreases with increasing c, and this would lead to a 
maximum of ZT S'^a at c sslM. 

In order to reach performances comparable to those of 
solid-state devices, both the Seebeck coefficient and elec- 
tric conductivity need to be increased by a factor of 10, 
which represents a challenging but not unfeasible goal. 

Having electrolytes, in liquid state or embedded in gels, 
with Seebeck coefficient of the order of 10 to 100 mV will 
present a technological breakthrough in the perspective 
of cost-effective low-grade energy harvesting for two prin- 
cipal reasons: i) These materials are cheap and abundant 
compared to thermoelectric semi-conductors, ii) In order 
to reach voltages of a few Volts, solid-state devices with 
Se ~ ImV/K and AT sa 20 °C require an assembly of 
hundreds of P type and N type thermoelectric elements 
in series. Having materials with a Seebeck coefficient of 
order 10-100 mV/K would lower this number down to 
few units. 



ACKNOWLEDGMENTS 

We thank S. Aumaitre, C. Bataillon, J. Boisson for en- 
lightening discussions and C. Gasquet-Wiertel for tech- 
nical support. This project was partly funded by the 
CEA "Nanoscience" program and by CEA/DSM pro- 
gram "Energie Bas Carbone". 



REFERENCES 



iG. Mahan, B. Sales and J. Sharp, Physics Today, March 1997, 3 
(1997). 

■^G. Chen, M.S. Dresselhaus, G. Dresselhaus, J.-P Fleurial, and 
T. Caillat, International Material Reviews 48, 1 (2003). 

^C. Soret, Arch. Sci. Phys. Nat. Geneve t.II, 48 (1879). 

"T.I. Quickenden and Y. Mua, J. Electrochem. Soc. 142, 3985 
(1995) and references therein. 

5N.S. Hudak and G.G. Amatucci, ECS Transactions 16 (26), 27 
(2009) 

•^R. Hu, B.A. Cola, N. Haram, J.N. Barisci, S. Lee, S. Stoughton, 
G. Wallace, C. Too, M. Thomas, A. Gestos, M.-E. dela Cruz, J.P 
Ferraris, A. A. Zakhidov, and R.H. Baughman, Nanolettcrs 10, 
838 (2010). 

^D. Vigolo, S. Buzzaccaro, and R. Piazza, Langmuir 26, 7792 
(2010). 

*Y. Marcus, Chem. Rev. 109, 1346 (2009), and references therein. 
Sy. Marcus, J. Solution Chem. 37, 1071 (2008), and references 
therein. 

10m. Born, Z. Phys. 1, 45 (1920). 

11 J.N. Agar, in Advances in Electrochemistry and Electrochemi- 
cal Engineering Vol 5, P. Delahay, Editor, Chap. 2, Interscionce 
Publishers New- York (1963). 

i^E.D. Eastman, J. Am. Chem. Soc. 50, 283 and 292 (1928). 

13 A. Wiirger, Phys. Rev. Lett. 101, 108302 (2008). 

i*J.N. Agar and J.C.R. Turner, Proc. Roy. Soc. (London) A255, 
307 (1960). 

i^T. Ikeda, Bull. Chem. Soc. Japan 37, 1485 (1964). 
I'^J.N. Agar, C.Y. Mou, and Jeong-long Lin, J. Phys. Chem. 93, 
2079 (1989). 

i^'R.W. Gurney, Ionic Processes in Solution; McGraw-Hill: New 
York (1953) 

i^C.J. Petit, M.-H. Hwang, and J-L. Lin, J. Sol. Chem. 17, 1 
(1987). 

i^R.A Rightmire, R.L. Rowland, D.L. Boos and D.L. Beals, J. 

Electrochem. Soc. Ill, 242 (1964). 
20E.B. Molodnika, M.R. Ehrenburg, Yu.M. Polukarov, A.I. 

Danilov, J. Souza-Garcia, and J.M. Feliu, Electrochemica Acta 

56, 154 (2010) and references therein. 
2iH. Sawamoto, Analytical Sciences 19, 1381 (2003). 
^^A. Tymosiak-Zielinska and Z. Borkowska, Electrochemica Acta 

46, 3073 (2001). 

23 A. Yamakata and M. Osawa, J. Am. Chem. Soc. 131, 6892 
(2009). 

2*See e.g. Eq. (6d) in N. Takeyama and K. Nakashima, J. Sol. 
Chem. 17, 305 (1988). 

25 A. Oleinikova and M. Bonetti, J. Chem. Phys. 115, 9871 (2001). 

2®B. Le Neindre, Conductivite thermique des liquides et des gaz 
in Techniques de I'lngenieur K427, pp. 1-42 (Paris, 1998); Con- 
ductivite thermique des fluides sous pressions in Techniques de 
I'lngenieur K428, pp. 1-78 (Paris, 1998). 

27E. Helfand and J.G. Kirkwood, J. Chem. Phys. 32, 857 (1960). 

2*Landolt-B6rnstein, New Series, Group IV, Physical Chemistry, 
Vol 6 Static Dielectric Constants of Pure Liquids and Binary 
Liquid Mixtures, Ed: O. Madelung, Berlin Springer Verlag 
(1991). 



9 



'Ionic radius of tetraalkylammonium cations are assumed to be 
the same as those obtained in DMSO by K. Yoshida, K. Ibuki, 
and M. Ueno, J. Chem. Soc. Faraday Trans. 93, 89 (1997). The 
radius of TetraDodecylAmmonium is extrapolated from a fit in 
a + bN"' of their results (N representing the length of the alkyl 



chain). The ionic radius of TctraOctylPhosphonium ion is taken 

equal to that of TetraOctylAmmonium ion. 

'G. Akerlof, J. Am. Chem. Soc. 54, 4130 (1932). 

D.P. Fernandez, Y. Mulev, A.R.H. Goodwin, and J.M.H. Levelt 

Sengers, J. Phys. Chem. Ref. Data 24, 33 (1995). 



